Perceptual learning refers to the phenomenon that practice or training in perceptual tasks often substantially improves perceptual performance. Often exhibiting stimulus or task specificities, perceptual learning differs from learning in the cognitive or motor domains. Research on perceptual learning reveals important plasticity in adult perceptual systems, and as well as the limitations in the information processing of the human observer. In this article, we review the behavioral results, mechanisms, physiological basis, computational models, and applications of visual perceptual learning.
Introduction
Although early Gestalt psychologists denied any role of learning in perception, Helmholtz (1911) made learning an essential component in his theories of perception. Taking an ecological approach, Gibson (1967) reviewed development of perceptual expertise in early childhood and postulated that perceptual learning is a process of discovering how to transform previously overlooked potentials of sensory stimulation into effective information. The systematic documentation of various specificities of perceptual learning with implications of an early sensory site of learning recharged the research on perceptual learning (Karni & Sagi, 1991) . Since then, perceptual learning in adult human observers has been documented in a wide range of perceptual tasks in visual, auditory, and somato-sensory domains (Fahle & Poggio, 2002) . In this review, we focus on perceptual learning in the visual domain.
Perceptual learning
Perceptual learning has been documented in virtually every visual task, including the detection or discrimination of visual gratings (DeValois, 1977; Fiorentini & Berardi, 1980 , 1981 Mayer, 1983) , stimulus orientation judgment (Dosher & Lu, 1998; Shiu & Pashler, 1992; Vogels & Orban, 1985) , motion direction discrimination (Ball & Sekuler, 1982 , 1987 Ball, Sekuler, & Machamer, 1983) , texture discrimination (Ahissar & Hochstein, 1996; Karni & Sagi, 1991 , 1993 , time to perceive random dot stereograms (Ramachandran & Braddick, 1973) , stereoacuity (Fendick & Westheimer, 1983) , hyperacuity and vernier tasks (Beard, Levi, & Reich, 1995; Bennett & Westheimer, 1991; Fahle & Edelman, 1993; Kumar & Glaser, 1993; McKee & Westheimer, 1978; Saarinen & Levi, 1995) , and object recognition (Furmanski & Engel, 2000) .
The trade-mark finding in perceptual learning is that some of what is learned is specific to stimulus or task factors such as retinal location (Karni & Sagi, 1991) , spatial frequency (Fiorentini & Berardi, 1980) , orientation (Poggio, Fahle, & Edelman, 1992) (Fig. 1) , or background texture (Ahissar & Hochstein, 1996) . Perceptual learning that is highly specific to retinal location and stimulus has been claimed to reflect neural plasticity in basic visual processing mechanisms (Karni & Sagi, 1991) .
Several recent papers re-examined specificity of perceptual learning and found that a number of factors in the training procedures, some of that were not obviously related to specificity or transfer of learning, determine the degree of specificity, including task precision (Jeter, Dosher, Petrov, & Lu, 2009 ), task difficulty (Ahissar & Hochstein, 1997 , number of trials (Censor & Sagi, 2009) , and training schedule (Xiao et al., 2008) . Xiao et al. (2008) developed a novel double-training paradigm that employed conventional feature training (e.g., contrast) at one location, and additional training with an irrelevant feature/task (e.g., orientation) at a second location, either simultaneously or at a different time. They showed that this additional location training enabled a complete transfer of feature learning (e.g., contrast) to the second location. Understanding factors that determine specificity/transfer of perceptual learning is one of the most important challenges in the study of perceptual learning.
